Abstract. Vitamin K (VK) is a group of fat-soluble vitamins, which serve important roles in blood coagulation and bone metabolism. A recent study reported that several VK subtypes possess antitumor properties, however the antitumor effects of VK in osteosarcoma are unknown. The present study aimed to identify the antitumor effects of VK in osteosarcoma and the possible underlying mechanism of action. The effect of VK4 on cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cellular and nuclear morphological changes were observed by phase contrast microscopy. Cell cycle analysis, apoptotic rate, mitochondrial membrane potential and levels of reactive oxygen species (ROS) were detected by flow cytometry. In vitro cancer cell migration activities were evaluated using a Wound healing assay and Transwell microplates. The results demonstrated that VK4 arrested the cells in S phase and induced apoptosis. Additional mechanistic studies indicated that the induction of apoptosis by VK4 was associated with the increased production of reactive oxygen species, dissipation of the mitochondrial membrane potential, decreased Bcl-2 family protein expression levels and activation of caspase-3. In conclusion, the results suggest that the sensitivity of U2OS osteosarcoma cells to VK4 may be as a result of mitochondrial dysfunction. As it is readily available for human consumption, VK4 may therefore present a novel therapeutic candidate for the treatment of patients with osteosarcoma.
Introduction
Osteosarcoma is the most common bone malignancy diagnosed in children and young adults (1) (2) (3) , and the overall five-year survival rate of patients with osteosarcoma is ~61.6% (1) . Prior to the 1970's, when the standard treatment primarily consisted of surgical resection, the prognosis of patients with osteosarcoma was poor, with five-year survival rates of <20% (2, 4) . Over the last few decades, the combined use of multi-agent chemotherapy and surgery has improved the five-year survival rates of patients with osteosarcoma to 60-70% (1, 4) . Although the use of effective adjuvant chemotherapeutic agents has improved the survival rates dramatically, the prognosis for patients with osteosarcoma remains unsatisfactory (5, 6) . Therefore, the identification of novel chemotherapeutic agents, and the molecular mechanisms by which they function, are important for improving the outcome of osteosarcoma treatment.
Vitamin K (VK) is a group of fat-soluble vitamins that serve important roles in blood coagulation and bone metabolism (7) . VK exist as natural and synthetic forms. VK1 (phylloquinone) and VK2 (menaquinone) are naturally occurring vitamins, which are produced by plants and bacteria, respectively (7) (8) (9) (10) (11) (12) (13) (14) . VK3 and VK4 (menadiones) are synthetic derivatives of VK1 and VK2 (14) . In recent years, an increasing number of studies have investigated the antitumor effects of VKs (7) (8) (9) (10) (11) (12) (13) (14) . These studies have demonstrated that VK inhibits the growth and induces apoptosis in multiple cancer cell types, including leukemia, hepatocellular carcinoma, and lung, breast, oral, bladder and prostate cancers (7) (8) (9) (10) (11) (12) (13) (14) . The anticancer activity of VK4 in prostate cancer cells was demonstrated by Jiang et al (14) . However, the molecular mechanisms underlying VK4-induced apoptosis in these cells remain largely unknown. Therefore, the aim of the present study was to investigate whether VK4 exerts anticancer effects in osteosarcoma cells, and to identify the potential molecular mechanisms involved. Determination of cell viability. The effect of VK4 on cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) assay as described previously (9) . Briefly, 1x10 4 U2OS cells/well were seeded in a 96-well plate and treated with 0, 5, 10, 12.5, 20, 25, 35, 40, and 100 µM VK4 for 24 h. Following treatment, MTT reagent (500 µg/ml) was added and cells were incubated at 37˚C for a further 4 h. DMSO (150 µl) was subsequently added to dissolve the formazan crystals and the absorbance was read at 570 nm using a microplate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Data were expressed as the percentage viability, assuming that the absorbance of untreated control cells was 100%. The percentage cell viability was calculated using the following formula: Cell viability (%) = [(A 570, sample -A 570, blank ) / (A 570, control -A 570, blank )] x100.
Materials and methods

Chemicals and antibodies.
Analysis of morphological alterations of cells by light microscopy. U2OS cells were treated with 0, 25 or 35 µM VK4 for 24 h. Shrinkage and detachment of the VK4 treated cells were observed by phase contrast microscopy (Olympus IX71 microscope; Olympus Corporation, Tokyo, Japan) (n=3).
Analysis of apoptosis by annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining.
A total of 4x10 6 U2OS cells were treated with 0, 25 or 35 µM VK4 in the presence or absence of the pan-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-(O-methyl) -fluoromethylketone (Z-VAD-FMK; 50 µM). Following treatment, cells were harvested, washed with PBS, and resuspended in 200 µl binding buffer containing 5 µl annexin V before they were incubated in the dark for 10 min at room temperature, according to the manufacturer's instructions (Beyotime Institute of Biotechnology). Cells were subsequently labeled with 10 µl PI and the samples were immediately analyzed by the Multicycle AV software using the Beckman Coulter Epics XL Flow Cytometer (Beckman Coulter, Inc., Brea, CA, USA).
Cell cycle analysis. Cell cycle analysis was performed as described previously (10) . Briefly, 4x10 6 U2OS cells were treated with 0, 25 or 35 µM VK4 for 24 h. The cells were then washed with PBS and fixed with 70% ice cold ethanol at 4˚C overnight. After washing twice with PBS, cells were stained with a PBS solution containing 50 µg/ml of PI and 100 µg/ml RNase A for 30 min in the dark at room temperature. The stained cells were analyzed for cell cycle phase distribution using Beckman Coulter Epics XL (Beckman Coulter, Inc.).
Flow cytometric analysis of reactive oxygen species (ROS) generation and mitochondrial membrane potential (MMP).
In order to determine the level of ROS generation and the MMP, cells were stained with 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) and rhodamine 123 (Rho-123), respectively, as described previously (9) . Briefly, 4x10
6 U2OS cells were incubated with 0, 25 or 35 µM VK4 for 24 h. The cells were then harvested, washed with PBS and incubated with DCFH-DA (10 µM) or Rho-123 (5 µg/ml) in the dark for 30 min at room temperature. After washing with PBS, the samples were analyzed for the fluorescence of DCF or Rho-123 by flow cytometry (Beckman Coulter Epics XL; Beckman Coulter, Inc.).
Wound healing assay. Cell mobility was assessed using an in vitro scratch wound assay. A total of 4x10 6 U2OS cells were seeded in 6-well plates containing complete medium until 90% confluent. The plate surface was then scraped with a sterile, 200-µl tip and washed twice with PBS to remove remaining cell debris, before the cells were incubated in DMEM medium containing 1% FBS, in the presence or absence of 25 µM VK4 for 24 h. The cells were then observed under an inverted light microscope (Olympus Corporation) and photographed at x100 magnification. Experiments were performed in triplicate. The distance between the wound edges was measured with a graduated ruler, and the relative scratch breadth of VK4-treated samples was presented as the ratio of the average breadth of treatment cells vs. the average breadth of control cells.
Cell migration assay. In vitro cancer cell migration activities were evaluated using Transwell microplates. For cell migration, 1x10
5 cells in 200 µl of DMEM medium containing 1% FBS with or without 25 µM VK4, were seeded in the upper Transwell insert chamber containing a polycarbonate filter (diameter, 6.5 mm; pore size, 8 µm; Costar; Corning Life Sciences, NY, USA). DMEM medium (600 µl) containing 10% FBS (chemoattractant) was added to the lower chamber, and the plates were incubated for 24 h at 37˚C in 5% CO 2 . Cells that had traversed the membrane were fixed with paraformaldehyde, stained with Coomassie Brilliant Blue R-250 dye (cat. no. 27816; Sigma-Aldrich; Merck Millipore), and were visualized and counted using an inverted light microscope. The cells that did not migrate were removed from the top of the transwell filters by scraping. Experiments were performed in triplicate. The relative migration of cells was presented as the ratio of average cell migration in the control group vs. the average cell migration in the treatment group.
Western blot analysis. U2OS cells (4x10 6 ) were treated with 0, 25 or 35 µM VK4 for 24 h. Adherent and detached cells were collected and total protein was extracted as described previously (10) . The protein concentrations were determined using the NanoDrop 1000 Spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc.). Proteins (50 µg) were separated by 8-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidine difluoride membrane. After blocking with 5% (w/v) non-fat milk for 2 h and washing with tris-buffered saline-Tween 20 solution (TBST), membranes were incubated with Bcl-2 (dilution, 1:1,000; cat. no. AB112), Bax (dilution, 1:300; cat. no. AB026), cleaved caspase-3 (dilution, 1:500; cat. no. AC031) and β-actin (dilution, 1:400; cat. no. sc-134542) primary antibodies overnight at 4˚C. After washing with TBST, the blots were incubated with HRP-conjugated goat anti-rabbit IgG or goat anti-mouse IgG secondary antibodies (dilution, 1:5,000; cat. no. sc-45090) for 1 h at room temperature. Blots were washed with TBST and signals were detected using the ECL plus chemiluminescence kit (Merck Millipore) on X-ray film.
Statistical analysis. Data are expressed as the mean ± standard error. Differences between two groups were determined using the Student's t-test, while differences among >2 groups were determined using one-way analysis of variance followed by Tukey's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference.
Results
VK4 inhibits the growth of U2OS osteosarcoma cells.
The effect of VK4 on the viability of U2OS cells was evaluated using an MTT assay. As shown in Fig. 1B, VK4 treatment significantly inhibited the growth of U2OS cells in a dose-dependent manner (P<0.05). The IC 50 value of VK4 was 25 µM following 24 h treatment. The rate of growth inhibition of U2OS cells was >70% at 35 µM when compared with untreated controls (Fig. 1B) . Therefore, concentrations of 25 and 35 µM VK4 were selected for further mechanistic studies.
VK4 induces morphological alterations in U2OS osteosarcoma cells.
To examine the effect of VK4 on U2OS cell morphology, cells were treated with increasing concentrations of VK4 for 24 h and cell morphology was observed under a phase contrast microscope. As shown in Fig. 1C , increasing concentrations of VK4 induced severe morphological alterations indicative of cell death, including a reduction in the total number of cells and an increase in the number of detached cells in the culture medium.
VK4 induces apoptosis and S phase cell cycle arrest in U2OS osteosarcoma cells. Apoptosis and cell cycle arrest are the two major causes of cell growth inhibition (1). The effect of VK4 on U2OS cell apoptosis was determined by annexin V-FITC/PI staining and flow cytometry analysis. As shown in Fig. 2 , VK4 induced apoptosis in U2OS cells in a dose-dependent manner. In addition, pretreatment of cells with the pan-caspase inhibitor Z-VAD-FMK, significantly attenuated the apoptotic effects of VK4 (P<0.05). This indicates that VK4 induces apoptosis in U2OS cells via caspase activation.
Induction of cell cycle arrest was examined using PI staining and flow cytometry analysis. As shown in Fig. 3 Depolarization of the MMP is a characteristic feature of apoptosis (1) . Excessive intracellular ROS production has been demonstrated to induce apoptosis by disrupting the MMP (15) . In order to investigate the role of ROS in VK4-mediated apoptosis, the MMP in U2OS cells was examined using Rho-123 and flow cytometry analysis. As shown in Fig. 5 , a significant reduction in MMP was observed in cells following treatment with 25 and 35 µM VK4 when compared with untreated controls (79.3±1.75% and 53.40±2.9% vs. 93.03±1.35%, respectively; P<0.05).
VK4 suppresses the migration of U2OS cells in vitro.
The effect of VK4 on the migration of U2OS cells in vitro was determined using wound healing and Transwell migration assays, respectively. As shown in Fig. 6A and B, the distance to the center of the 'wound' was significantly reduced in cells incubated with 25 µM VK4 for 24 h when compared with untreated controls. As shown in Fig. 6C and D, the migration rate of cells was significantly reduced following treatment with 25 µM VK4 when compared with untreated controls (P<0.05). Taken together, these data indicate that VK4 inhibits the migration of U2OS cells in vitro. apoptosis (11) . Therefore, in order to investigate the molecular mechanisms underlying the pro-apoptotic effects of VK4 on U2OS cells, the protein expression levels of Bcl-2, Bax and caspase-3 were examined. As shown in Fig. 7, VK4 significantly increased the protein expression of pro-apoptotic protein Bax, and significantly decreased the expression of anti-apoptotic protein Bcl-2 in a dose-dependent manner when compared with untreated controls (P<0.05). Cleavage of caspase-3 is a major hallmark of apoptosis (1) . Therefore, the protein expression of cleaved caspase-3 in VK4-treated U2OS cells was examined. As shown in Fig. 7 , VK4 treatment significantly increased the expression of cleaved caspase-3 in a dose-dependent manner, when compared with untreated controls (P<0.05). Taken together, these results indicate that VK4 may induce the intrinsic apoptosis pathway in U2OS cells.
VK4 induces apoptosis in U2OS cells
Discussion
VK4 is a synthetic hydrophilic menadione compound, which is used clinically as a treatment for hemostasis (14) . Jiang et al (14) demonstrated that VK4 induced cytotoxic effects in human prostate carcinoma PC-3 cells. However, the molecular mechanisms underlying VK4-induced cytotoxicity in PC-3 cells remain largely unknown. Therefore, the aim of the present study was to determine whether VK4 inhibits the growth of U2OS osteosarcoma cells in vitro. Consistent with Jian et al (14) , VK4 was observed to inhibit the growth of U2OS cells in a dose-dependent manner.
Apoptosis and cell cycle arrest are the two major causes of cell growth inhibition in cancer cells (16, 17) . A number of studies indicate that the majority of chemotherapeutic drugs inhibit tumor cell growth via induction of apoptosis (18) (19) (20) . In the present study, VK4 arrested the cell cycle of U2OS osteosarcoma cells at S phase and induced apoptosis in cells in a dose-dependent manner. Apoptosis, a form of programmed cell death, is a highly controlled and evolutionarily conserved process characterized by cell shrinkage, membrane blebbing, loss of plasma membrane integrity, DNA fragmentation and cleavage of caspase-3 (21, 22) . Consistent with these features of apoptosis, VK4-treated U2OS cells exhibited cell shrinkage and cleavage of caspase-3. Apoptosis can be divided into the following three major categories: i) Mitochondrial caspase-dependent apoptosis or intrinsic apoptosis; ii) extrinsic apoptosis; and iii) caspase-independent apoptosis (23, 24) . In order to gain further insight into the molecular mechanisms underlying VK4-induced apoptosis, annexin V/PI staining of VK4-treated U2OS cells exposed to a pan-caspase inhibitor Z-VAD-FMK was performed. Treatment of cells with Z-VAD-FMK significantly inhibited the apoptotic effects of VK4, which suggests that VK4 may induce caspase-dependent apoptosis in U2OS cells.
It is well established that the mitochondria serve key roles in the regulation of cell death and proliferation through the production of ROS (14, 25) . Mitochondrial apoptosis is associated with ROS production and MMP dissipation (26) . In the present study, VK4 increased ROS generation and decreased the MMP in U2OS cells in a dose-dependent manner.
ROS may lead to extensive oxidative damage, including mitochondrial damage, lipid peroxidation and DNA damage.
In addition, ROS are known to function as second messengers to activate diverse redox-sensitive signaling cascades, such as the mitochondrial intrinsic apoptotic cascade, through interaction with Bcl-2 family proteins (1). The Bcl-2 protein family includes a wide variety of antiapoptotic proteins, such as Bcl-2, and pro-apoptotic proteins, such as Bax, which are key factors involved in mediating the permeabilization of the mitochondrial outer membrane and regulating apoptosis (27, 28) . Under normal conditions, Bax is present in the cytosol, and is negatively regulated by the antiapoptotic protein Bcl-2. Thus, Bcl-2/Bax is considered to be a molecular regulator that controls cell fate. In the presence of a pro-apoptotic stimulus, the Bcl-2/Bax ratio decreases and the cell undergoes apoptosis. ROS have been demonstrated to inhibit the anti-apoptotic protein Bcl-2 and activate the pro-apoptotic protein Bax (29) (30) (31) . In the present study, VK4 treatment increased the level of ROS and dissipated the MMP in U2OS cells. Therefore, the protein expression levels of Bcl-2 and Bax were examined. VK4 treatment significantly increased the expression of Bax and significantly decreased the expression of Bcl-2. These results suggest that VK4 induces the intrinsic apoptotic cell death signaling pathway in U2OS osteosarcoma cells. Consistent with these observations, Jiang et al (14) demonstrated a similar effect of VK4 on Bcl-2 family protein expression modulation.
Osteosarcoma is characterized by resistance to chemotherapy and the development of metastases. Although the use of multi-agent chemotherapy in combination with surgery has improved the five-year patient survival rate to 60-70% (1,32), the five-year survival rate of patients with osteosarcoma that have developed metastases is only 20%. In addition, current therapeutic strategies are not effective for the treatment of these patients (33) . Therefore, the identification of agents that not only inhibit the growth of tumor cells, but also suppress the metastatic activity of cancer cells, is highly desirable. In the present study, the effect of VK4 on U2OS cell migration was investigated using wound healing and Transwell migration assays. The results demonstrated that VK4 effectively inhibited the migration of U2OS cells in vitro. However, a detailed mechanistic study is required to determine the precise mechanisms underlying the anti-metastatic activity of VK4 in these cells.
In conclusion, the results of the present study demonstrated that VK4 inhibits the growth and induces apoptosis of U2OS osteosarcoma cells. To the best of our knowledge, this is the first study that has provided evidence demonstrating the inhibitory effects of VK4 on U2OS cell growth. Apoptosis was associated with ROS generation, MMP dissipation, modulation of Bcl-2 family protein expression and activation of caspase-3. In addition, VK4 suppressed the migration of U2OS cells in vitro. These results suggest that VK4 may present a potential compound in the development of future therapies for the treatment of osteosarcoma. Further investigation is required to confirm the contribution of VK4 as an anti-tumor therapy using in vivo studies.
